A so lar flat plate air col lec tor was man u fac tured in the north of Iran, and con nected to a room as the model to study the pos si bil ity of us ing such so lar heat ing sys tems in the north ern parts of Iran. This col lec tor was tested as a so lar air heater to see how good it could be for warm ing up the test room dur ing the win ter. The ex per i men tal
In tro duc tion
The amount of so lar en ergy strik ing the earth's sur face de pends on the sea son, lo cal weather con di tions, lo ca tion, and ori en ta tion of the sur face but it av er ages about 1000 W/m 2 if the ab sorb ing sur face is per pen dic u lar to the sun's rays and the sky is clear. There are sev eral ways of ab sorb ing and us ing this free, clean, re new able, and very long last ing source of en ergy. So lar col lec tors are spe cial de vices that can ab sorb and trans fer en ergy of the sun to a us able or storable form. So lar ther mal col lec tors, which are a group of so lar col lec tors, can be made in differ ent shapes based on their ap pli ca tion. Some types of ther mal so lar col lec tors, such as par abolic trough, are gen er ally used in so lar power plants where so lar heat en ergy is used to gen er ate elec tric ity.
Flat plate col lec tors are the most com mon types of so lar col lec tors and are usu ally used as so lar hot wa ter pan els to gen er ate hot wa ter or as so lar air heater for pre-heat ing the air in domes tic or in dus trial heat ing, ven ti la tion, and air con di tion ing (HVAC) sys tems. A weath er proof in su lated box con tain ing a black metal ab sorber sheet with built-in pipes is placed in the path of sun light. So lar en ergy heats up wa ter in the pipes caus ing it to cir cu late through the sys tem by nat u ral con vec tion. The wa ter is usu ally passed to a stor age tank lo cated above the col lec tor. This pas sive so lar wa ter heat ing sys tem is gen er ally used in ho tels and homes such as those found in south ern Eu rope.
There are many flat-plate col lec tor de signs but gen er ally all con sist of four ma jor parts; (1) a flat-plate ab sorber, which ab sorbs the so lar en ergy, (2) a trans par ent cover(s) that al - lows so lar en ergy to pass through and re duces heat loss from the ab sorber, (3) a heat-trans port fluid (air or wa ter) flow ing through the col lec tor (wa ter flows through tubes) to re move heat from the ab sorber, and (4) a heat in su lat ing back ing.
Lit er a ture sur vey
The exergy of a sys tem is the max i mum use ful work pos si ble dur ing a pro cess that brings the sys tem into equi lib rium with a heat res er voir [1] . Exergy can be de stroyed by ir re versibil ity of a pro cess. An exergy anal y sis (2 nd law anal y sis) is a very pow er ful way of op ti miz ing com plex ther mo dy namic sys tems. The term exergy was pro posed by Rant [2] in 1956, but the con cept was de vel oped by Gibbs [3] in 1873. Now a days, de tails of this con cept can be found in ther mo dy nam ics texts, (e. g. [4] [5] [6] [7] ). Sev eral re search ers have used this pow er ful method to op timize dif fer ent thermodynamical pa ram e ters of power plant com po nents. As a re cent ap pli ca tion of sec ond law anal y sis, Saravanan et. al. [8] used en ergy and exergy anal y sis to study the per formance of a cool ing tower.
The gov ern ing equa tions of exergy bal ance as ap plied to so lar col lec tors has been published by Bejan et al. [9] and Bejan [10] . Re cently Londono-Hurtado et al. [11] de vel oped a model to study the be hav ior of vol u met ric ab sorp tion so lar col lec tors (VASC) and the in flu ence of the de sign pa ram e ters on the per for mance of the col lec tors. Their ap proach is based on the use of sev eral dimensionless num bers, each of them hav ing a clear phys i cal sig nif i cance, which play a key role in the anal y sis of the col lec tor. The model is then used to con duct a ther mo dy namic op ti mi za tion of VASC, which gives the op ti mal de sign pa ram e ters that max i mize the exergy out put of the heat ex tracted from the col lec tor. An other no ta ble study is the work of Luminosu et al. [12] where they ex per i men tally stud ied an air so lar in stal la tion. They pro cessed their ex per imen tal re sults through ther mo dy namic anal y sis, us ing en ergy and exergy meth ods to find the best flow rate of pass ing air.
Altfeld et al. [13, 14] con sid ered dif fer ent so lar air heater con fig u ra tions in clud ing finned sur face. They state that the heat trans fer char ac ter is tics of the ab sorber are less im por tant if highly in su lated so lar air heat ers are con sid ered. Torres-Reyes et al. [15] per formed ther mody namic op ti mi za tion based on first and sec ond law to de ter mine the op ti mal per for mance param e ters and to de sign a so lar ther mal en ergy con ver sion sys tem. They pro duced graphs of exergy flow rate as a func tion of mass flow rate for dif fer ent col lec tor con fig u ra tions.
Kurtbas et al. [16] used five dif fer ent ab sorber plates for so lar air heater in clud ing a cor ru gated one. They con cluded that there was a re verse re la tion ship be tween dimensionless exergy loss and heat trans fer, as well as pres sure loss. The more im por tant pa ram e ters in or der to de crease the exergy loss are the col lec tor ef fi ciency, tem per a ture dif fer ence of the air, and pressure loss. Ajam et al. [17] de rived the equa tions to study the exergetic ef fi ciency of so lar air heat ers and used MATLAB to op ti mize the sys tem. Ucar et al. [18] made changes to a con ventional so lar air heater such as di vid ing its ab sorber plate to six parts and giv ing an gles to them. They did an en ergy and exergy anal y sis and found that some sim ple mod i fi ca tions can in crease the ef fi ciency by up to 30%.
Esen [19] re ported an ex per i men tal study to eval u ate the en er getic and exergetic ef ficien cies of four types of dou ble-flow so lar air col lec tors un der a wide range of op er at ing con ditions. He showed that the use of ob sta cles in the air duct of the dou ble-flow col lec tor is an ef ficient method of adapt ing air exchanger ac cord ing to user needs. Gupta et al. [20] re ported exergetic per for mance eval u a tion and para met ric stud ies of so lar air heater. They stated that based on the out put en ergy eval u a tion, the so lar air heater should have high as pect ra tio, low duct depth, and low in let tem per a ture of air. They have ob served and proved that if the in let temper a ture of air is low, then max i mum exergy out put is achieved at low value of mass flow rate.
Fujiwara [21] an a lyzed the op ti mum con trol and per for mance eval u a tion of so lar collec tors from exergy stand point. He dem on strated that the max i mum ca pa bil ity of col lec tors is de ter mined and ex pressed by a re la tion ship among the col lec tor pa ram e ters and the en vi ronment in which they op er ate. Xiaowu et al. [22] con ducted an exergy anal y sis on a do mestic-scale so lar wa ter heater to op ti mize its thermodynamical pa ram e ters. They tried to find the ma jor sources of irreversibilities and their rel a tive im por tance for a spe cial kind of so lar wa ter heater.
As fos sil fuel price is quite high and it is ex pected to stay up for many years, the idea of us ing so lar ther mal col lec tors for warm ing up of houses in the north ern part of Iran was con sidered by Mohseni-Languri [23] . In this re search, a flat plate so lar air heater man u fac tured and con nected to a test room to study the prac ti cal util ity and ef fi ciency of this method for the suggested area of in stal la tion. Some of the ob jec tives of this study are: -determination of basic engineering characteristics of a simple and economic flat plate solar collectors for domestic users, -feasibility study of air solar installation in the northern parts of the country, -study the energy saving for a test room to estimate the possible energy saving for the proposed area of installation, and -optimization of air flow rate for solar air collector using a test room.
Some of the re sults ob tained in this study is pre sented here, which are fo cused on the sec ond law op ti mi za tion of mass flow rate of work ing fluid. We have mea sured/cal cu lated the av er age so lar ir re vers ibil ity, av er age ra di a tion in ten sity, av er age use ful en ergy, av er age air temper a ture vari a tion, en ergy ef fi ciency, and exergy ef fi ciency dur ing the day for win ter months. The method used by Luminosu et al. [12] and Esen [19] was em ployed to anal y sis the sam ple solar in stal la tion data. All sources of ir re vers ibil ity were con sid ered to min i mize the ir re vers ibil ity by op ti miz ing the air flow rate.
Ex per i men tal study

Lo ca tion of the study
The ex per i men tal study was done [23] in the north of Iran. The lat i tude and lon gi tude of the lo ca tion are 36°32'39"N and 52°40'44"E. The am bi ent tem per a ture fluc tu ates in the range of 0 to 29 ºC dur ing the year in Babol. Due to rainy or cloudy weather, we had to cross out some days, in which so lar en ergy tests were not pos si ble.
Table1. Tech ni cal char ac ter is tics of the col lec tor [23]
Part 
Char ac ter is tics of the test ing col lec tor
A flat so lar air col lec tor was de signed to use in this study. Fig ure 1 shows a sche matic of the de sign. The char ac ter istics of the col lec tor are sum ma rized in tab. 1. The col lec tor was verticaly installed at a dis tance of 2.5 m from the ground to pre vent shad ing by neigh borhood build ings. The in let and exit channels were con nected to the test ing room through two alu mi num tubes highly in sulated us ing glass wool of 2 cm thick ness. Fig ure 2 shows the sche matic of fi nal test setup. The test sys tem was con nected to a room of 4 m ´ 3 m ´ 3 m. A small fan of 40 W was used to cir cu late the air through the col lec tor and room.
Mea sur ing de vices
To mea sure the mass flow rate of the air, an an e mom e ter was used to mea sure the speed of the air flow. As the tem per a ture was also mea sured in the ducts, we were able to es timate the flow rate of the air through the chan nels. There were five thermocouples lo cated in five crit i cal po si tions; two thermocouples lo cated in the in let and out let ducts, one at tached to the absorb ing sur face, the other one was placed in the room, and the last one was placed out side of the room for sens ing the am bi ent tem per a ture (see fig. 2a ). The mea sured tem per a ture in side and out side the room were bulk tem per a ture while the other tem per a tures were lo cal. The ac cu racy of tem per a ture mea sure ments were ±1 °C. The so lar ra di a tion in ten sity has also been mea sured us ing a lo cal weather sta tion. All the mea sure ment de vices were con nected to a data log ger system, which re corded the data ev ery 15 min utes dur ing the test days.
All the mea sur ing de vices were cal i brated be fore the ex per i men tal study. The sta tis tical data about the weather showed that we will have clear sky in about 85% of the days in the win ter. In this study, we had ex cluded the data for those days, in which the sky was cloudy and so ab sorbed so lar ra di a tion was dif fer ent from the sunny days. It hap pened for 76 days dur ing the win ter of study ing year.
En ergy and exergy anal y sis
En ergy anal y sis
Based on Duffie et al. [24] , the rate of heat re ceived by the heat car rier, which is air here, from the col lec tor is:
The spe cific col lec tor power can be found by di vid ing of this heat by the area of the col lec tor [24] :
The av er age daily use ful heat per unit area of the col lec tor can be found add ing up all ra di a tion times as:
in which & q a i is the use ful heat per unit area of the col lec tor for the hour i of the test day. As we started the tests at 8:00 a. m. and ended at 4:00 p. m. so i could be be tween 1 to 8. So the en ergy ef fi ciency of so lar en ergy that is con verted to heat could be ex pressed by the ra tio of ab sorbed en ergy to the to tal en ergy of the sun that was avail able [12] :
where G c is the so lar ra di a tion cap tured by the col lec tor.
Exergy anal y sis
Based on Bejan et al. [9] and Bejan [10] , there are two sources of en tropy gen er a tion in a so lar air col lec tor, which are en tropy gen er a tion due to the fric tion of pass ing fluid, and entropy gen er ated due to the ther mal heat trans fer or tem per a ture change of the fluid flow. We did the exergy anal y sis us ing Esen's ap proach [19] , con sid er ing fol low ing as sump tions: -the process is steady-state and steady flow, -the potential and kinetic energies are negligible, -air is an ideal gas, so its specific heat is constant, and -the humidity of air is negligible.
The gen eral exergy bal ance for a steady-state and steady flow pro cess is: Con sid er ing above as sump tions, fol low ing re la tions are avail able for each com ponent:
Equa tion (7) co mes from the fact that no work has done dur ing the pro cess. From mass bal ance we have:
Upon sub sti tu tion of eqs. (6) to (10) in eq. ( 5), the rate of ir re vers ibil ity will be:
where & Q s is the to tal rate of the exergy re ceived by the col lec tor ab sorber area from the so lar radi a tion and is eval u ated by re la tion:
where ta is absorbance-trans mit tance prod uct of the cov er ing glass and the ab sorber plate. The changes in enthalpy and en tropy of air in the col lec tor can be ob tained us ing fol low ing two expres sions:
and
Af ter sub sti tut ing eqs. (12) to (14) in eq. (11), the fi nal form of ex pres sion for ir re versibil ity rate in the so lar col lec tor will be:
where T s is the ap par ent tem per a ture of sun sur face, which con sid ered to be 6000 K. In this equation the first term co mes from the en tropy gen er ated due to heat trans fer; sec ond and third terms are re lated to the tem per a ture change of pass ing fluid; last term is re lated to the en tropy gen erated due to the fric tion of fluid. By def i ni tion, ir re vers ibil ity is the to tal en tropy gen er ated times the am bi ent tem per a ture [6] :
There fore, the to tal en tropy gen er ated dur ing the pro cess will be:
So the exergy ef fi ciency, as de fined through sec ond law of ther mo dy nam ics [15] , is: 
Er ror anal y sis
There are two types of er rors; one group come from di rect mea sure ment, which are DG c , DT, DP, and D & m; the sec ond group of er rors come from in di rect mea sure ment, which are Dh en and Dh ex . Based on Luminosu et al. [12] method, fol low ing re la tions can be used for er ror anal y sis:
where each er ror com po nent can be eval u ated through fol low ing re la tions: 
Re sults and dis cus sions
The er rors in the mea sur ing of tem per a ture, mass flow rate, pres sure, and so lar ra di ation are ±1 °C, ±2.4·10
-5 kg/s, ±1%, and ±1.25 W/m 2 , re spec tively. There fore the max i mum errors of in di rect mea sur ing of en ergy and exergy ef fi cien cies es ti mated to be ±0.03 and ±0.13 using eqs. (19) and (20) .
We have used the av er age of daily mea sure ments dur ing a win ter 2005. The ex per iments are done for 8 hours a day from 8:00 a. m. to 4:00 p. m.. The num ber of clear sky days for win ter 2005 was 76. Note that the ra di a tion flux was not con stant ev ery day dur ing the win ter days but our aim was to study the av er age re sults for the whole win ter dur ing the sunny days.
Fig ure 3 shows the av er age so lar ra di a tion in ten sity, cap tured by the ver ti cally in stalled so lar col lec tor, and the am bi ent tem per a ture in °C vs. day time in win ter. The ex per i men tal re sults for a ran dom month (Feb ru ary) have been added to the plots for com par i son. The max i mum av erage so lar ra di a tion ab sorbed by the flat plate so lar col lec tor is oc cur ring around noon from 12:00 to 13:30 lo cal time. Its av er age de creases slowly and reaches to 400 W/m 2 at 4:00 p. m. dur ing the win ter. Fig ure 3 shows that so lar ra di a tion in the clear sky, cap tured by the flat plate so lar col lec -tor, is more than 600 W/m 2 dur ing the time pe riod of 10:00 a. m. un til 3:00 p. m.. It is a good in di ca tion of the so lar po ten tial en ergy in the test re gion.
In win ter, the av er age am bi ent temper a ture in creases and reaches to its max i mum of 17 °C from 14:00 to 14:30; it de creases with de creas ing solar ra di a tion. The av er age am bi ent tem per a ture starts from 10 at 8:00 a. m. and reaches its high est value of 17 °C at 2:30 p. m. and falls down to 15.5 °C at 4:00 p. m. in the win ter. The av er age tem per a ture plot shows how cold is the win ter in the place that so lar air col lector was tested to give a good ba sis for study on per for mance of such so lar col lec tors.
The av er age wind speed dur ing the win ter and Feb ru ary at 8:00, 10:00, 12:00, 14:00, and 16:00 dur ing day are re corded in tab. 2. The min i mum and max i mum val ues of av er age wind speed are 1.1 m/s at 8:00, and 1.5 m/s at 14:00, re spec tively for the win ter. For Feb ru ary, the min i mum and max i mum val ues of av er age wind speed re corded are 0.9 m/s at 16:00, and 1.4 m/s at 10:00 and 14:00, re spec tively.
Fig ure 4 shows the av er age temper a ture vari a tion of air as work ing fluid in the so lar air col lec tor dur ing the win ter as a func tion of day time at dif fer ent mass flow rates. It can be seen that the lower mass flow rate causes the higher air tem per a ture vari a tion along the day. The phys i cal mean ing of this phe nom e non is, having con stant avail able heat source (so lar ra di a tion), in lower mass flow rates, the flow ing air has more time to gain the heat en ergy from the ab sorber sur face, which causes more in crease in its tem per a ture.
The min i mum mass flow rate of air should be se lected such that the air cir cu lates enough in the room dur ing the day; fur ther more, higher flow rate may cause some dis com fort for oc cu pants. The op ti mum mass flow rate de pends also on the am bi ent con di tions such as am bi ent tem per a ture and so lar ra di a tion en ergy.
The av er age vari a tion of use ful power pro duced by the so lar air col lec tor is plot ted vs. day time dur ing the win ter and Feb ru ary for vi sual com par i son in fig. 5 . The mass flow rateo of Fig ure 6 shows the av er age en ergy ef fi ciency of the so lar air col lec tor during the day at dif fer ent mass flow rates. Such graphs can be used for op timiz ing the mass flow rate for the best en ergy ef fi ciency for this col lec tor. From the ex per i men tal data, it can be ob served that the en ergy ef fi ciency affected mainly by mass flow rate and tem per a ture in crease dur ing the day that the lat ter pa ram e ter is a func tion of so lar ra di a tion, wind speed, and am bient tem per a ture. It means that all of these pa ram e ters can af fect the en ergy ef fi ciency. From fig. 6 it can be concluded that the high est mass flow rate of & m a = 0.025 kg/s has the low est energy ef fi ciency and mass flow rate of & m a = 0.016 kg/s has the high est av erage en ergy ef fi ciency dur ing the day. fig. 7 the vari a tion of ir re versibil ity has been plot ted vs. day time at dif fer ent mass flow rates. It can be .017 kg/s fol low the same pat tern while the lat ter flow rate has a slightly higher ir re vers ibil ity most of the time. They also reach to their max i mum value at noon to 1100 W for this col lec tor. The high est mass flow rate of & m a = 0.025 kg/s has the high est ir re vers ibil ity dur ing the test time that reaches to its max imum value of 1500 W at 13:30, and then de creases to 610 W at 16:00.
From fig. 8 it can be seen eas ily that in the flow rate of 0.011 kg/s to 0.025 kg/s, the max i mum flow rate has the low est and the min i mum flow rate has the high est exergy ef fi ciency. Ob vi ously this is not hold for ev ery mass flow rate and there might be an op ti mum flow rate less than 0.011 kg/s bel low which de creas ing of flow rate cause the exergy ef fi ciency to de crease. The range of stud ied flow rate was se lected so that it meets the re quired cri te ria of build ing HVAC sys tem.
For the mass flow rate of & m a = 0.111 kg/s, the exergy ef fi ciency started from 9% at 8:00 and it in creases slowly to 51% at 14:00 and then fol lowed by a sud den jump to reach its max i mum of around 85% at 14:45 and then de creas ing with some fluc tu a tions to 40% at 16:00. The curves in fig. 8 in di cates that the higher mass flow rate, the higher sec ond law ef fi ciency.
It can be seen that the min i mum exergy ef fi ciency be longs to the higher mass flow rate and the mass flow rate of & m a = 0.111 kg/s has the high est exergy ef fi ciency in our ex per i ments.
Sum mary and con clu sion
A so lar flat plate air col lec tor was man u fac tured and con nected to a room as the model to study the pos si bil ity of us ing such so lar heat ing sys tem in the north ern parts of Iran. This collec tor was tested as a so lar air heater to see how good it could be for warm ing up the test room dur ing a win ter. The ex per i men tal data ob tained through ac cu rate mea sure ments dur ing a win ter were an a lyzed us ing en ergy and en ergy anal y sis to find the op ti mum mass flow rate, which leads to the max i mum exergy ef fi ciency. An exergy anal y sis showed that en tropy is gen er ated in solar air heat ing due to the fric tion of fluid flow, heat trans fer be tween warm walls of col lec tor and envi ron ment, heat trans fer be tween sun sur face and ab sorb ing sur face, and tem per a ture change of pass ing air. It was found that for the test setup at the test lo ca tion, among the dif fer ent tested mass flow rates, a mass flow rate of 0.0011 kg/s is the op ti mum for tested con di tions which leads to the high est sec ond law ef fi ciency. It was pointed out that the max i mum ir re vers ibil ity, oc curs at noon, when so lar ra di a tion is max i mum; it de creases as so lar en ergy de creases. 
